Introduction {#Sec1}
============

Glioblastoma is the most malignant brain tumour forming 50% of all primary brain carcinomas. Surgery, radiotherapy and chemotherapy have been the available therapies. However, despite improvements in these treatment methods overall survival of patients with glioblastoma remains extremely poor \[[@CR20]\]. Detailed understanding of the metabolic pathways of glial tumour cells and their differences to normal cells could provide potential targets for treatment. These can be directed to block or manipulate specific pathways in cancer cells to inhibit their metabolism and thus, growth.

Glucose is the primary energy substrate for the adult mammalian brain; however lactate and ketone bodies can be used as alternative energy substrates under stressful and pathological conditions \[[@CR28]\]. Ketone bodies include β-hydroxybutyrate (BHB), acetoacetate and acetone, of which the latter is generally considered of little metabolic significance. Under normal physiological conditions there is a minimal accumulation of cerebral ketones with rapid utilization, implying blood--brain barrier control of ketone oxidation in the nonfasted adult human brain \[[@CR24]\]. However, in a hypoglycaemic state transport across the blood brain barrier increases and the brain metabolizes a larger amount of ketone bodies which bypass cytoplasmic glycolysis and directly enter the TCA cycle as acetyl-CoA \[[@CR35]\]. It has been postulated that glioma cells lack the ability to metabolize ketone bodies due to defects in the mitochondrial TCA cycle and electron transport chain \[[@CR31], [@CR32]\]. The ketogenic diet (KD) is a high-fat, low-protein, low-carbohydrate diet used to treat children with drug-resistant epilepsy \[[@CR9], [@CR32]\] and it has been reported as beneficial treatment for advanced glial tumors \[[@CR17]\]. However, the latter study consists of two case reports only. Animal studies have been published showing positive effects of the KD and hypoglycemia on glial tumours \[[@CR32]\].

Bouzier et al. \[[@CR1]\] have reported that for C6 cells exogenous lactate was the major substrate for oxidative metabolism and that glucose was entering a different compartment. However, there is a lack of studies that can delineate the detailed metabolic pathways in glioma tumor cells especially the ability of tumor cells to shift between metabolic pathways under different conditions. Incubating C6 cells (glioblastoma cell line) with \[2,4-^13^C\]BHB followed by biochemical analysis can give information about C6 cells and normal animal cells metabolism. Using this method the present study was performed to explore the mitochondrial metabolic pathways in the C6 glioblastoma cell line and cerebellar astrocytes in the presence and absence of glucose. C6 cells were also incubated with \[1-^13^C\]glucose in the presence and absence of unlabeled BHB to explore if BHB can substitute for glucose labelling.

Materials and Methods {#Sec2}
=====================

Materials {#Sec3}
---------

The C6-glioma cell line was obtained from the ATCC-LGC Promochem (Sweden) and stock samples were kept in liquid nitrogen. Plastic tissue culture dishes were purchased from Nunc A/S (Roskilde, Denmark) and fetal calf serum (FCS) from Seralab Ltd. (Sussex, UK). Dulbecco's minimum essential medium, unlabeled BHB and D(+)-glucose were from Sigma Chemical Co. (St. Louis, MO, USA). Sodium \[2,4-^13^C\]BHB (99%) and \[1-^13^C\]glucose (99%) were from Cambridge Isotope Laboratories (Woburn, MA, USA), and the GC/MS derivatization reagent MTBSTFA (*N*-methyl-*N*-(*tert*-butyldimethylsilyl)trifluoroacetamide) + 1% t-BDMS-Cl (*tert*-butyldimethylchlorosilane) was purchased from Regis Technologies, Inc. (Morton Grove, IL, USA). F-12 Kraighn\'s Nutrient mixture and penicillin-streptomycin liquid were purchased from Invitrogen Ltd (Paisley, UK). All other chemicals were of the purest grade available from regular commercial sources.

Cell Cultures {#Sec4}
-------------

NMRI mice were obtained from Taconic M&B (Copenhagen, Denmark). Cerebellar astrocytes were cultured as described earlier \[[@CR10]\] in 75 cm^2^ flasks. Briefly, cerebellum was taken from 7-day-old mice and passed through Nitex nylon netting (80 μm pore size) into Dulbecco's minimum essential medium (DMEM) containing 20% (v/v) fetal calf serum (FCS). Medium was changed 2 days after plating and subsequently twice a week for 3 weeks gradually decreasing the FCS concentration to 10%. Experiments were performed with three-week-old cultures.

C6 cells were used after 36 passages. On day one 5 × 10^6^ cells were seeded in 75 cm^2^ flasks and cultured with F-12 media containing penicillin (10,000 units/ml), streptomycin (10,000 μg/ml) and 15% (v/v) fetal calf serum. Experiments were performed 2 days after seeding.

Experiments using \[2,4-^13^C\]BHB or \[1-^13^C\]glucose {#Sec5}
--------------------------------------------------------

Culture medium was replaced with 15 ml serum and glutamine free DMEM containing 1 mM \[2,4-^13^C\]BHB with or without 3 mM glucose or 3 mM \[1-^13^C\]glucose with and without BHB. After 4 h the experimental medium was removed and lyophilized. The cells were extracted with 70% ethanol and supernatants were lyophilized.

Protein Analysis {#Sec6}
----------------

Cellular protein in the ethanol pellets was determined after dissolving in 1 M KOH at 37°C for 60 min, using the Pierce BCA (Pierce, Rockford, IL, USA) protein assay with bovine serum albumin as standard.

HPLC {#Sec7}
----

Amino acids in medium and C6 cell extracts were quantified by HPLC on a Hewlett Packard 1100 system (Agilent Technologies, Palo Alto, CA, USA). The amino acids were pre-column derivatized with *o*-phthaldialdehyde \[[@CR8]\] and subsequently separated on a ZORBAX SB-C18 (4.6 × 150 mm, 3.5 μm) column from Agilent using a phosphate buffer (50 mM, pH = 5.9) and a solution of methanol (98.75%) and tetrahydrofurane (1.25%) as eluents. The separated amino acids were detected with fluorescence and compared to a standard curve derived from standard solutions of amino acids. Total glutathione (i.e., glutathione plus glutathione disulfide) was determined by HPLC as in \[[@CR8]\] after derivatization with OPA after reducing the sample with 5% (v/v) mercaptoethanol.

GC/MS {#Sec8}
-----

Lyophilized cell extracts were re-dissolved in HCl, adjusted to pH \< 2 and dried under atmospheric air. The amino acids were in multiple steps extracted into an organic phase of ethanol and benzene and dried again under atmospheric air before derivatization with MTBSTFA in the presence of 1% t-BDMS-Cl \[[@CR14]\]. The samples were analyzed on a Agilent 6890 gas chromatograph linked to a Agilent 5975B mass spectrometer. Atom percent excess (^13^C) was determined after allowing for naturally abundant ^13^C and silicon (from silyl groups).

^1^H Magnetic Resonance Spectroscopy (MRS) {#Sec9}
------------------------------------------

Lyophilized media samples were dissolved in 0.4 ml 99% D~2~O containing 0.1% ethylene glycol. Proton MR spectra were accumulated on Bruker DRX500 spectrometer (BRUKER Analytik GmbH, Rheinstetten, Germany). The following acquisition parameters were applied: 90° pulse angle, an acquisition time of 1.36 s and a relaxation delay of 10 s, 32 scans were accumulated for each sample. Water suppression was achieved by applying a low-power presaturation pulse at the water frequency.

Data Analysis {#Sec10}
-------------

The glucose- and BHB consumption was calculated by subtracting the amount of glucose or BHB (quantified from ^1^H spectra) present in the media from the known concentration of the added glucose and BHB. Lactate production was calculated from the ^1^H spectra.

Peaks from GC/MS spectra were integrated, and atom percent excess values were calculated by comparison with unlabeled standard solutions. Results are presented as means ± standard deviation (SD). It was not considered useful to compare metabolites between astrocytes and C6 cells. Thus, even though the experiment was carried out with four groups, only same culture groups (two) were analyzed statistically and thus Student's *t*-test was the appropriate test, and *P* \< 0.05 was considered statistically significant.

Results {#Sec11}
=======

The labeling pattern in glutamate, glutamine, aspartate and malate from \[2,4-^13^C\]BHB and \[1-^13^C\]glucose after the first turn of the TCA cycle is shown in Fig. [1](#Fig1){ref-type="fig"}a. \[2,4-^13^C\]BHB enters the TCA cycle as \[2-^13^C\]acetyl-CoA after conversion to \[2,4-^13^C\]acetoacetate and subsequently \[2,4-^13^C\]acetoacetyl-CoA. \[2-^13^C\]Acetyl-CoA may condense with unlabeled oxaloacetate. The subsequent steps yield \[4-^13^C\]α-ketoglutarate, which may be transaminated to \[4-^13^C\]glutamate and \[4-^13^C\]glutamine giving rise mono labeling (M + 1) in the mass spectrum. If \[4-^13^C\]α-ketoglutarate is converted to succinyl-CoA, due to the symmetry of succinate, labeling of malate and oxaloacetate will occur in either the C-2 or C-3 position. \[2/3-^13^C\]Oxaloacetate can be transaminated to \[2/3-^13^C\]aspartate which is detected by GC--MS as a singlet (M + 1). Alternatively (Fig. [1](#Fig1){ref-type="fig"}b), \[2/3-^13^C\]oxaloacetate may be condensed with either labeled acetyl-CoA to form citrate, giving rise to double labeling of the metabolites (M + 2) or with unlabled acetyl-CoA to give mono labeled metabolites. Figure [2](#Fig2){ref-type="fig"} shows the metabolism of pyruvate which can be generated from glucose but not BHB. Pyruvate can be carboxylated and can enter the TCA cycle as oxaloactate.Fig. 1Schematic presentation of labeling of glutamate, glutamine, aspartate and malate from \[2,4-^13^C\]β-hydroxybutyrate and \[1-^13^C\]glucose from the first turn of the TCA cycle (**a**). Condensation of \[2-^13^C\]acetyl-CoA with unlabeled oxaloacetate generates mono label in the metabolites which is detected as M + 1. The fate of the ^13^C from the second turn of the TCA cycle is indicated in (**b**). If oxaloacetate is labeled in the C3 or C2 position and condenses with \[2-^13^C\]acetyl-CoA, the resulting metabolites are double labeled and thus are detected by mass spectroscopy as M + 2Fig. 2Metabolism of \[1-^13^C\]glucose which can be carboxylated to yield net production of glutamate, glutamine and aspartate. ^13^C labeling from the first turn of the TCA cycle when both acetyl-CoA and oxaloacetate are labeled is indicated only. Labeling from pyruvate carboxylase will result in labeling in the C2 positions and that from pyruvate dehydrogenase in the C4 positions of α-ketoglutarate, glutamate and glutamine

Both astrocytes and C6 cells metabolized glucose and BHB efficiently (Table [1](#Tab1){ref-type="table"}). Whereas astrocytes decreased BHB consumption in the presence of glucose, the opposite was the case for C6 cells. As expected in the presence of glucose lactate production increased in both cell types (Table [1](#Tab1){ref-type="table"}). The intracellular concentration of glutamate increased in C6 cells in the presence of glucose whereas glutamine and aspartate amounts remained unchanged (Table [1](#Tab1){ref-type="table"}).Table 1Lactate production, glucose and β-hydroxybutyrate (BHB) consumption in cerebellar astrocytes and C6 glioma cells and amounts of glutamate, glutamine and aspartate in C6 glioma cells in the presence and absence of glucoseµmol/mg protein/4hAstrocytes BHBC6 BHBAstrocytes BHB+glucoseC6 + BHB+glucoseGlucose consumption11.9 ± 2.215.3 ± 3.0BHB consumption1.9 ± 0.61.7 ± 0.71.4 ± 0.2\*2.4 ± 1.1\*Lactate production2.9 ± 0.63.3 ± 0.510.5 ± 1.0\*13.4 ± 2.5\**nmol/mg protein/4* *h*Glutamaten.d.4.7 ± 0.6n.d.11.5 ± 4.2\*Glutaminen.d.1.2 ± 0.6n.d.0.7 ± 0.3Aspartaten.d.3.3 ± 1.0n.d.2.4 ± 1.2Cells (n = 6) were incubated for 4 h with serum and gluamine free DMEM containing 1 mM \[2,4-^13^C\]hydroxybutyrate with or without 3 mM glucose. Results for glucose, BHB and lactate were derived from ^1^H MRS and amounts of glutamate, glutamine and aspartate from HPLC and are presented as means ± SD, and *P* \< 0.05 was considered statistically significant. *BHB* = β-hydroxybutyrate, *n.d.* = not determined. \* Significantly different from same group without glucose

Labelling from \[2,4-^13^C\]BHB was decreased in glutamate and malate in the presence of glucose in astrocytes and C6 cells and in aspartate in astrocytes (Fig. [3](#Fig3){ref-type="fig"}). This was evidenced by an increase in M (molecules without ^13^C) and a decrease in both M + 1 and M + 2. Glutamine labeling in both cell types and aspartate labeling in C6 cells was only slightly affected by the presence of glucose (Fig. [3](#Fig3){ref-type="fig"}). \[1-^13^C\]glucose labeling of C6 cells in the presence and absence of BHB is shown in Fig. [4](#Fig4){ref-type="fig"}. It is apparent that BHB has little influence on labeling from \[1-^13^C\]glucose, only M + 2 labeling in glutamate and malate are slightly decreased.Fig. 3Distribution of ^13^C label (M, no label above natural abundance; M + 1, one ^13^C atom; M + 2, two ^13^C atoms) in glutamate, glutamine, aspartate and malate detected by mass spectrometry in cell extracts of cultured cerebellar astrocytes (n = 6) and C6 cells (n = 6) after incubation for 4 h with serum and glutamine free DMEM containing 1 mM \[2,4-^13^C\]β-hydroxybutyrate with or without 3 mM glucose. Results are presented as means ± SD, and *P* \< 0.05 was considered statistically significant, for details see MethodsFig. 4Distribution of ^13^C label (M, no label above natural abundance; M + 1, one ^13^C atom; M + 2, two ^13^C atoms) in glutamate, glutamine, aspartate and malate detected by mass spectrometry in cell extracts of cultured C6 cells (n = 3) after incubation for 4 h with serum and glutamine free DMEM containing 3 mM \[1-^13^C\]glucose with or without 1 mM BHB. Results are presented as means ± SD, and *P* \< 0.05 was considered statistically significant, for details see Methods

Figure [5](#Fig5){ref-type="fig"} shows the amount of glutamine, glutamate, aspartate and glutathione in the cell culture medium after the 4 h incubation. The amounts of glutamine released to the medium increased in astrocytes in the presence of glucose whereas that of aspartate and glutathione decreased (Fig. [5](#Fig5){ref-type="fig"}). The C6 cells released very little to the medium except for glutamate, which was not quantifiable from astrocytes in the absence of glucose.Fig. 5Content of glutamate, aspartate, glutamine and glutathione detected by HPLC in medium of cultured cerebellar astrocytes and C6 cells. Cells were incubated for 4 h with serum and glutamine free DMEM containing 1 mM \[2,4-^13^C\]β-hydroxybutyrate with or without 3 mM glucose. Results are presented as means ± SD, and *P* \< 0.05 was considered statistically significant, for details see Methods. \* Significantly different from same group without glucose

Discussion {#Sec12}
==========

This study was undertaken to determine if the ketogenic diet could be useful for glioblastoma patients. The hypothesis tested was that whereas astrocytes (and neurons) can function in the presence of ketone bodies \[[@CR11], [@CR15]\], this would not be the case for glioblastoma cells.

It is believed that cancer cells are dependent on glycolysis to meet their high energy demand and the results of a number of studies have shown that this is also the case for glioblastoma cells \[[@CR21], [@CR26]\]. The function of the TCA cycle and oxidative metabolism in glioma cells is the subject of controversy. It has been suggested that these cells have a defective tricarboxylic acid (TCA) cycle and electron transport chain and a reduced number of mitochondria as well as a lower mitochondrial density \[[@CR21]\]. Many investigators have stressed the importance of glutamine as a source of reduced nitrogen for maintenance of nucleotide biosynthesis and that of nonessential amino acids and proteins. In fact it has been shown that the human glioblastoma cell line SF188 avidly metabolizes glutamine to lactate and this catabolism was also accompanied by secretion of nitrogen as ammonia and alanine \[[@CR4]\].

In mammals glucose and glutamine are two of the most abundant nutrients in plasma. Neurons, protected but also isolated by the blood brain barrier, are particularly dependent on the availability of both substrates. The blood usually supplies the glucose, whereas astrocytes supply the glutamine to neurons. The latter was confirmed in the present study. The C6 glioblastoma cells did not release glutamine in agreement with an earlier study \[[@CR6], [@CR16], [@CR23]\]. Moreover, in vivo in a glioma-bearing rat model it was demonstrated that C6 cells do not synthesize glutamine either and avidly take up glutamine directly from the blood circulation to provide nitrogen needed during the glioma growth \[[@CR2]\].

In the present study the glioblastoma cells and astrocytes were cultured in glucose and glutamine free environment to test if they could survive under those conditions. The ketone body BHB was added since neural cells with intact mitochondria can survive under these conditions. Surprisingly, both cell types tolerated the absence of glucose well and mitochondrial metabolism was evidenced by avid catabolism of \[2,4-^13^C\]BHB. The lactate release observed in the glucose free medium is possibly due to residual glucose inside the cells and also intracellular alanine and pyruvate conversion to lactate. The similarity in the lactate production in the presence and absence of glucose between astrocytes and C6 cells is also worth mentioning. It might be related to the fact that the isoenzyme pattern of lactate dehydrogenase in astrocytes in culture is not identical to that of astrocytes in the adult brain \[[@CR18]\]. Rodrigues et al. \[[@CR27]\] reported lactate recycling in C6 cells incubated with glucose and lactate or pyruvate but not in the presence of glucose alone. In the present study it was not possible to determine such recycling.

The astrocytes released glutamine even in the absence of glucose whereas C6 cells secreted glutamate. It has been shown that elevated levels of extracelluler glutamate can stimulate tumor cell proliferation and motility via autocrine or paracrine activation of glutamate receptors and enhance invasion of the surrounding tissue by causing excitotoxic damage to normal brain and necrosis in glioblastoma \[[@CR5], [@CR13], [@CR19]\]. Elevated extracellular glutamate levels have been shown to be caused by increased synthesis and release and impaired glutamate uptake in glioblastoma \[[@CR36]\]. Glutamate, mainly from glutamine, is released via the cystine-glutamate exchanger found on glioma cell membranes \[[@CR36]\].

Cystine, which was present in the incubation medium, is an essential precursor for the biosynthesis of glutathione that protects cells (including glioma) from endogenously produced oxidative damage \[[@CR3], [@CR12], [@CR34]\]. In the present study, experimental medium from astrocytes contained glutathione, whereas almost none was found in that from C6 cells indicating that astrocytes can help protect neurons by release of glutathione \[[@CR7]\] but this is not the case for the C6 cells.

Metabolism of \[1-^13^C\]glucose by astrocytes is well documented and glutamine production and pyruvate carboxylation is prevalent \[[@CR22], [@CR33], [@CR37]\]. Incubating C6 cells with \[1-^13^C\]glucose, however, showed that they have very little label in glutamine, showing that glutamine synthesis is extremely small in C6 cells as also shown by Portais et al. \[[@CR23]\] and the same holds for aspartate. Glutamate and malate labeling is only slightly smaller from \[1-^13^C\]glucose than \[2,4-^13^C\]BHB.

In the presence of glucose, astrocytes and C6 cells reacted differently. Whereas astrocytes decreased their BHB consumption slightly, the opposite was the case for the C6 cells. Astrocytes used glucose in their TCA cycle as evidenced by decreased labelling of glutamate and aspartate from \[2,4-^13^C\]BHB which was not the case in C6 cells. Furthermore, astrocytes were able to increase the amounts of glutamate, glutamine and aspartate inside the cells and their release of glutamine to the medium. This is an indication of their capacity for anaplerosis and thus pyruvate carboxylation most likely via pyruvate carboxylase \[[@CR25]\]. Only approximately half of the glucose was released as lactate both from astrocytes and C6 cells. This is surprising since in the absence of BHB most of the glucose is used for lactate production at a 3 mM glucose concentration in the incubation medium \[[@CR30]\]. It appears that BHB increases mitochondrial metabolism of glucose in both cell types. C6 cells did not show any indication for carboxylation, which can be accomplished via pyruvate carboxylase or malic enzyme. This is in agreement with previous studies \[[@CR4], [@CR23]\] which have reported entry of pyruvate into the TCA cycle via pyruvate dehydrogenase but not pyruvate carboxylase. Taken together these results show clearly that C6 cells have a functioning TCA cycle that can utilize ketone bodies but do not perform anaplerosis. C6 cells release glutamate whereas astrocytes release glutamine and glutathione.

The excellent technical assistance of Bente Urfjell and Lars Evje is gratefully acknowledged.

**Open Access** This article is distributed under the terms of the Creative Commons Attribution Noncommercial License which permits any noncommercial use, distribution, and reproduction in any medium, provided the original author(s) and source are credited.
